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I .  SUMMARY 
A n  experim t a l  s t r e  an lys i s  was undert ken to valuate s t r  
within cyl indrical ly  hollow ( d r i l l e d )  bearing ba l l s  proportioned for  40, 
50, and 60% mass reductions. Strain gage rose t tes  were used t o  determine 
pri nci pal s t r a ins  and s t resses  i n the s tee1 ball model s s t a t i  cal ly 1 oaded 
in various or ientat ions.  
Results are reported f o r  127 mm ( 5  i n )  OD bal ls  under 44,500 N (10,000 
Similitude considerations permit these r e su l t s  t o  be applied to  l b )  loads. 
calculate  s t resses  in actual s ize  dr i l led  bearing ba l l s  proportioned t o  these 
mass reductions. 
1 
I I. INTRODUCTION 
A i r c r a f t  gas t u r b i n e  engines c u r r e n t l y  operate i n  a speed range of 
1.5 t o  2 m i l l i o n  DN (bea r ing  bore  i n  mm t imes s h a f t  speed i n  rpm). 
i s  est imated t h a t  engine designs o f  t h e  nex t  decade w i l l  r e q u i r e  bear ings  
t o  operate a t  DN values o f  3 t o  4 m i l l i o n .  I n  t h i s  DN range, t h e  r e d u c t i o n  
i n  bear ing  f a t i g u e  l i f e  due t o  the  h i g h  c e n t r i f u g a l  f o rces  developed 
between the r o l l i n g  elements and o u t e r  race  becomes p r o h i b i t i v e .  
I t  
To so l ve  t h e  problem o f  reduced f a t i g u e  l i f e  i n  high-speed b a l l  
bear ings  var ious methods o f  reduc ing  c e n t r i f u g a l  f o r c e  have been proposed. 
One o f  these i s  t o  reduce the  b a l l  mass by " d r i l l i n g "  a c y l i n d r i c a l  h o l e  
through them u s i n g  e l e c t r o l y t i c  machining techniques. 
t e s t s  w i t h  c y l i n d r i c a l l y  ho l l ow  ( d r i l l e d )  b a l l s  have demonstrated t h a t  
F u l l  -sca le  bear ing  
o p e r a t i o n  a t  speeds t o  3 m i l l i o n  DN i s  p o s s i b l e  ( l ) . '  
d r i l l e d  b a l l s  has a l s o  been exper ienced d u r i n g  t h e  o p e r a t i o n  o f  t h e  f u l l -  
s ca 1 e bea r i  ngs . 
Frac tu re  o f  t h e  
Ana lys is  o f  these f a i l u r e s  and o f  t h e  e f f e c t  o f  changes i n  b a l l  
geometry on h i g h  speed b e a r i n g  o p e r a t i o n  has been handicapped by t h e  
d i f f i c u l t y  o f  a p p l i c a t i o n  o f  t heo ry  t o  p r e d i c t  s t resses  e x i s t i n g  i n  t h e  
b a l l s  under bea r ing  loads  and c e n t r i  fuga1 fo rces .  
S t r a i n  gage techniques were used t o  determine the  su r face  s t r e s s  
d i s t r i b u t i o n  i n  d r i l l e d  b a l l s  p ropor t i oned  f o r  mass r e d u c t i o n s  o f  40, 50, 
and 60 per cent. 
Numbers i n  parentheses des ignate  re fe rences  a t  end of  r e p o r t .  
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111. MODELS 
Actua l  bear ing  b a l l s  Qnam c a l l y  loaded i n  a f u l l  s c a l e  b a l l  bea r ing  
would be d i f f i c u l t  t o  i ns t rumen t  f o r  experimental s t r e s s  ana lys i s .  The b a l l  
models used i n  t h i s  study were se lec ted  f o r  ease o f  f a b r i c a t i o n  and instrumen- 
t a t i o n .  
t o o l  t o  a 127 mm (5  i n  OD) s p h e r i c a l  contour, bored t o  an I D  c a l c u l a t e d  t o  
p rov ide  the  des i red  mass r e d u c t i o n  o f  40, 50, and 60 per cent, and then 
chamfered as a c t u a l  bea r ing  b a l l s .  F igure  1 g i ves  model dimensions. The 
m i l d  s t e e l  m a t e r i a l  s i m p l i f i e d  metal  c u t t i n g .  I t s  l a c k  o f  hardness and 
low value o f  y i e l d  s t r e s s  were n o t  problems as care  was taken t o  i n s u r e  t h a t  
s t r a i n s  were always w i t h i n  the  e l a s t i c  range. 
seemed t o  be  compat ib le  w i t h  a v a i l a b l e  1 mm gage l e n g t h  s t r a i n  gage r o s e t t e s  and 
proved easy t o  p o s i t i o n  and load  i n  a un i ve rsa l  t e s t i n g  machine. 
( 1  mm gage l e n g t h )  45' s t r a i n  gage rose t tes  were mounted on t h e  models i n  
l o c a t i o n s  shown i n  F igu re  2. 
They were tu rned  f rom mi ld  s t e e l  bar  s t o c k  w i t h  a r a d i u s  c u t t i n g  
The 127 mm ( 5  i n )  model s i z e  
TML ZFRA-1 
The r o s e t t e s  were mounted w i th  one s t r a i n  gage of each r o s e t t e  a l i g n e d  
p a r a l l e l  t o  t h e  a x i s  o f  t h e  h o l e  o r  bore  o f  t h e  model. 
on the  r o s e t t e  back ing  were then au tomat i ca l l y  a l i g n e d  a t  45O and 90' t o  t h e  
a x i s  o f  t h e  hole.  
bo re  a x i s  on t h e  i n t e r i o r  and e x t e r i o r  o f  t h e  model. As t h e  models were 
symmetric about the  b a l l  mid p lane perpend icu la r  t o  the  bore o n l y  one h a l f  
of t h e  model was s t r a i n  gaged. 
r e p l a c e  t h e  ungaged h a l f  and reloaded t o  o b t a i n  a complete s t r a i n  d i s t r i b u t i o n .  
Tab le  1 g i ves  a c t u a l  gage l o c a t i o n s .  
Other s t r a i n  gages 
A l i n e  o f  r o s e t t e s  was thus  e s t a b l i s h e d  p a r a l l e l  t o  t h e  
The s t r a i n  gaged h a l f  was r e p o s i t i o n e d  t o  
Tne l o c a t i o n  of t h e  r o s e t t e s  r e l a t i v e  t o  t h e  v e r t i c a l l y  downward com- 
p r e s s i o n  l oads  a p p l i e d  t o  t h e  model i s  de f i ned  by two angles, 8 and $. 
3 
Theta was taken as an angle o f  r o t a t i o n  about the  a x i s  o f  t h e  bore of t h e  
model f rom an i n i t i a l  o r i e n t a t i o n  w i t h  the  l i n e  of  r o s e t t e s  d i r e c t l y  under 
tne  l oad  ( 8  = 0' case). Data was taken a t  e = Oo, 30°, 60' and 90' o r i e n -  
t a t i o n s  w i t h  t h e  load. 
a x i s  o f  the  bore of  t h e  model w i t h  a h o r i z o n t a l  p lane imagined through the  
center  of the model. 
$I = 40' r e s u l t e d  i n  the  l oad  be ing  a p p l i e d  c lose  t o  the  edge o f  t h e  ho le  
as may be seen i n  F igu re  4. 
t a t i o n s  w i t h  the load.  
Phi  was taken as an angle o f  i n c l i n a t i o n  o f  t h e  
Phi  = 0' i s  t he  symmet r ica l l y  loaded case, w h i l e  
Data was taken a t  $I = Oo, 20°, and 40' o r i e n -  
A 44,500 N (10,000 l b )  l oad  was u s u a l l y  r e q u i r e d  t o  o b t a i n  a response 
s u f f i c i e n t  f o r  accurate measurement i n  t h e  40 and 50% mass r e d u c t i o n  models. 
Th is  l o a d  was reduced f o r  some o f  t h e  more h i g h l y  s t ressed cases and f o r  
t h e  60% reduc t i on  model t o  ma in ta in  model s t r a i n s  w i t h i n  t h e  e l a s t i c  range. 
I n  these cases the  app l i ed  l oad  was s e t  a t  a s imp le  f r a c t i o n  o f  t h e  44,500 N 
(10,000 l b )  load, f o r  example, 8,900 f4 (2,000 l b )  on t h e  60% mass r e d u c t i o n  
model , and the measured s t r a i n  co r rec ted  by t h i s  f a c t o r  i n  o rde r  t o  have a 
cons tan t  basis f o r  comparison o f  the  response o f  a l l  t h r e e  models. 
F i g u r e  3 shows t h e  models used, and F igu re  4 shows a model p o s i t i o n e d  i n  
the  t e s t i n g  machine. 
s c r i b e d  on the models w i t h  a d i v i d i n g  head and h e i g h t  gage. 
were very sensi t i v e  t o  load o r i e n t a t i o n .  
The models were p o s i t i o n e d  by p r o t r a c t o r  t o  l i n e s  
S t r a i n s  measured 
4 
IV. INSTRUMENTATION 
commercial Baldwi n-Lima-Hami 1 ton and Budd switch and balance 
t o  switch individual gages of the rosettes t o  the s t r a i n  i n d  
provide i n i t i a l  zero adjustment f o r  each gage. As each gage 
t o  the s t r a i n  indicator and the  gage unbalance deflected the 
solut ion of the recording system 
cessive records of the gage read 
testing machine a t  constant load 
was 
rigs 
i nd 
A Baldwi n-Lima-Hamil ton Model 120 s t r a in  indicator  was used t o  power 
a Wheatstone s t r a i n  gage b r i d g e  incorporating a temperature compensating 
s t r a in  gage as one of the bridge arms. 
jack was used t o  dr ive a Mosely 7000 A X Y  plo t te r  t o  amplify and record 
the s t r a i n  indicator  s ignal .  
l inear  w i t h  s t r a i n  indicator unbalance, and the recorder could be cal ibrated 
so t h a t  25.4 mm (1 i n )  of pen deflection corresponded t o  100 micro mm/mm 
(100 micro i n / i n )  of s t r a i n  indicator unbalance. W i t h  th is  cal ibrat ion,  
the recorder could provide a f 190.5 mm ( 2  7.5 i n )  pen deflection. 
The s t r a i n  indicator scope output 
The recorder pen deflection was found t o  be 
Standard 
units were used 
cator and t o  
was switched 
pen i n  the  " X "  
di rec t ion  a record was made by deflecting the pen 2.54 mm ( . l  i n )  i n  the 
I' Y I' d i r e  c t i on . 
These records could l a t e r  be read t o  .25 mm (.01 i n )  so t h a t  the re- 
Suc- 1 micro mm/mm (1 micro i n / i n ) .  
while the model was undisturbed i n  the 
cated an overall repeatabi l i ty  of -I 5 
micro m/mn ( 2  5 micro i n / i n )  f o r  the overall instrumentation system under 
t h i s  condition. 
When a supposedly identical  series of data records were taken on d i f f e ren t  
days discrepancies of 2 20 micro mrn/mm ( 2  20 micro i n / i n )  could occasionally 
be detected. These were at t r ibuted t o  d i f f i c u l t y  i n  obtaining identical  
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model-load or ientat ion,  and s t r a in  gage and adnesive hysteresis e f fec ts  
superimposed on the above switcn contact-strain indicator-recorder 
v a r i a t  i o tis . 
Figure 5 i s  a c i r cu i t  diagram o f  the instrumentation. 
overall view o f  the physical arrangement o f  the apparatus. 
Figure G i s  a n  
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V. RESULTS AND DISCUSSION 
i 
I Strains read from the recorder charts were used t o  compute principal 
s t r a i n s ,  s t resses  and  angles, for  eacri roset te .  These are  given in Taoles I 
I 
I 2 ,  3 and 4. 
1 
I n  these taDles epsilon A i s  the axial s t r a in ,  read from the o u t p u t  of 
a s t r a i n  gage mounted parallel  t o  the axis of the hole (bore) in the model. 
Epsilon 13 i s  the s t r a i n  45' t o  epsilon A, and epsilon C i s  the hoop s t r a i n ,  
read from the s t r a i n  gage mounted a t  90' t o  epsilon A .  The d a t a  reads from 
I 
tile 
c a t  
t i l t !  
I 
are  
t o p  down from the outermost roset te ,  c losest  t o  the point of load  appl i -  
on inward past the ball center l ine  and on o u t  t o  the outermost rose t te  on 
other s ide  of the ba l l ,  away from the loaded point. 
Epsilon 1 and epsilon 2 are the computed principal s t r a ins .  All s t r a ins  
given in micro nm/mm (micro in / in )  with always being the algebraically 
larger  (most posi t ive)  o f  the principal s t r a ins .  
principal s t resses  in  mega Newtons per square meter and k i lo  pounds per square 
o1 a n d  a2 are the computed 
incn, with a1 always the algebraically larger  of the principal s t resses .  
Alpna i s  the angle between and E ~ .  
Tne s t resses  of Tables 2 ,  3 and 4 are plotted in Figures 7,  8 and 9 on 
an ou t l ine  of the model with an indication o f  the location and  direction of the 
load giving r i s e  t o  these s t resses ,  Exterior s t r a ins  f o r  t h e e  = Oo, = 0 0 
could n o t  be obtained without disturbing the exter ior  gages by loading over 
them. 
the 0 = Oo, C$ = ZOO,  and 40' cases. 
This also prevented measurement o f  s t r a ins  over half o f  the ball in 
The principal s t resses  were calculated from the measured s t r a ins  using 
equations from Dally arid Riley. ( 2 )  
7 
2 6 2 with values for  modulus of e l a s t i c i t y ,  E ,  of 207 X lo9 N/m (30 X 10 lb / in  ) 
a n d  a Poisson's r a t io  v o f  0.3.  A t e s t  recalculation of the d a t a  with values 
of 200 X 10 N/m ( 2 9  X 10 9 2  6 1b/iii2) atid a 0.28 showed t h a t  maximum s t resses  
are reduced by 2 t o  5% when these smaller values are  used. 
In  t h e  course of loading the models, s t r a i n  was observed t o  be p r o -  
portional t o  load. From equations ( l ) ,  ( 2 ) ,  and ( 3 )  above, the calculated 
principal s t resses  are then proportional t o  load. As s t r e s s  = force/( length)  
and a l l  dimensions of a model of specified mass reduction a re  proportional t o  
model outer diameter, the d a t a  in  tables 1 ,  2 ,  and 3 may be used t o  calculate  
2 
st resses  for  s imilar  ba l l s  as 
Stressl  = 
Stress2 
(4) 
Examination of the d a t a  s,,ows t h a t  the models can ,e very highly s t ressed 
While th i s  i s  not unexpected, by loads applied close t o  the edge of the hole. 
the magnitudes of the principal s t r e s ses  and t h e i r  signs would seem t o  indicate  
tha t  ful l  scale bearings incorporating d r i l l e d  ba l l s  should be designed with 
special attetitiori t o  the prevention of  edge loading. 
The data suggest t h a t  the 40% mass reduction ball while having a mass 
and expected centrifugal loading of .6/.5 = 1 . 2  times t h a t  of the  50% mass 
8 
I 
reduction b a l l ,  might actually experience lower s t resses  t h a n  the 50% mass 
reduction ba l l .  
model indicated maximum s t resses  only 55% and 62.5% as high as those of the 
50% mass reduction model. The net e f fec t  of subst i tut ing a 40% mass re- 
duction ball for  a 50% mass reduction b a l l  i n  a bearing then m i g h t  be t o  
reduce maximum s t resses  to  69.6% and 75% of the s t resses  previously existing 
in the bearing ba l l s .  
A t  load angles of $ = 20' and  Oo, the 40% mass reduction 
A similar comparison of the 60% mass reduction model indicates an ex- 
pected centrifugal force of .4/.5 = .8 times t h a t  of the 50% mass reduction 
b a l l ,  b u t  maximum s t resses  tha t  are  152% and 158% of those in the 50% mass 
reduction ball  with loads a t $  = 20' and 0'. The net e f f ec t  of subst i tut ing 
a 60% mass reduction ball for  a 50% mass reduction ball might  be t o  increase 
maximum s t resses  to 122% and 127% of the s t resses  previously existing. 
Contact s t resses  will  s t i l l  be greatest  fo r  the 40% mass reduction ball 
i n  a high-speed bearing as these s t resses  a r e  determined largely by the 
centrifugal force.  
9 
V I .  CONCLUSION 
The s t r e s s  d i s t r ibu t ion  in cyl indrical ly  hollow bal ls  proportioned 
for  mass reductions of 40, 50, and 60 per cent has been determined. 
Stresses are la rges t  when loads are applied close t o  the edge o f  the hole. 
I f  cylindrically nollow bal ls  are  used in ball bearings i t  seems advisable 
t o  l imi t  load  applications t o  less  t h a n  20' from the ball center l ine .  
When load applications are held t o  angles less  t h a n  20' a 40% mass re- 
duction ball should experience bending s t resses  due t o  centrifugal loading 
t h a t  are  75% of those experienced by a 50% mass reduction bal l .  
10 
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TABLE I STRAIN GAGE LOCATIONS 
DISTANCE FROM BALL MIDPLANE TO GAGES 
40% MASS REDUCTION MODEL 
I n t e r  i o r  
A x i a l  & 45' Hoop 
Gages Gages 
rnm I N  mm I N  
- 6.9 -.27 - 4 . 6  -. 1 8  
2.3 .09 4.6 . 1 8  
11 .4  .45 13.7 . 5 4  
20.6 .81 22.9 .90 
29.8 1.17 32.0 1 .26  
38.8 1.53 40.9 1.61 
50% MASS REDUCTION MODEL 
I n t e r i o r  
A x i a l  & 45' Hoop 
Gages Gages 
mm I N  mn I N  
0.0 0.00 2.3 .09 
9 .7  .38 11.9 .47 
19.3 .76 17.0 .67 
29.0 1.14 26.7 1 .05  
60% MASS REDUCTION MODEL 
I n t e r  i o r  
A x i a l  & 45' Hoop 
Gages Gages 
mrn I N  lml I N  
- .8 -.03 1 . 5  .06 
8.1 .32 1 0 . 4  .41 
17.0 .67 19.3 .76 
25.9 1.02 28.3 1 . l l  
34.8 1.37 37.1 1.46 
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Ex t e r  i o r  
A x i a l  & 45' 
Gages 
mm I N  
0.0 0.0 
1 1 . 4  , 4 5  
22.9 .90 
34.3 1 .35  
45.7 1.80 
E x t e r i o r  
A x i a l  & 45' 
Gages 
mm I N  
0.0 0.00 
9.9 .39 
19.6 .77 
28.7 1 .13  
36.8 1 .45  
E x t e r i o r  
A x i a l  & 45' 
Gages 
m I I4 
.8 .03 
15.0 .59 
38.7 1.13 
40.2 1 . 5 8  
Hoop 
Gages 
mm 
2.3 
13.7 
25.1 
36.6 
48.0 
Hoop 
Gages 
m 
2.3 
12.2 
21.6 
30.8 
39.2 
Hoop 
Gages 
mm 
3.1 
17.0 
31 . O  
42.4 
I N 
.09 
. 54  
.99 
1 . 44  
1 .89  
I N  
.09 
.48 
. 85  
1.21 
1.54 
I N  
.12 
. 68  
1 .22  
1 .67 
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APPENDIX A Evaluation of Rectangular Cross Section R i n g  
A cy1 indrical s t e e  ring was faDr cated and s t r a i n  gaged with two 
Micro-Measurements type EA 06-125 BB-120 gages (0.125 inch gage length) 
mounted with Eastman 910 cement along and perpendicular t o  the r i n g  axis.  
Diametrically opposite to these gages a TML ZFRA-1 s t r a i n  gage  rose t te  
(1 mm gage length) was mounted w i t h  a polyester cement. 
a re  shown in f igure A-1. 
Ring dimensions 
The cylindrical r i n g  model was subjected t o  7,000 lb.  compressive 
loads w i t h  the gages ver t ica l ly  under the load, and oriented a t  30°, 60°, 
and 90' t o  the l i ne  of the load. 
succession of these tests.  A Budd model P-350 s t r a i n  indicator and a 
Baldwin model 12043 strain indicator were used i n  t e s t s  on successive 
S t ra in  measurements were made i n  a 
days. 
f igure A-2. 
The s t r a i n  indicators differed s igni f icant ly  only in  the 30' measurement, 
wnich m i g h t  be accounted f o r  by a 2-1/4 degree difference i n  alignment of the 
r i n g  i n  the two t e s t s .  
The average of the MM and TML s t r a i n  measurements a re  plotted i n  
The TML and MM gages gave subs tan t ia l ly  ident ical  resu l t s .  
Data values measured a re  given i n  Table A-1 . 
Ripperger and Davids in "Cri t ical  Stresses in  a Circular R i n g "  Trans 
ASCE Vol. 112 pp 619-628, 1947, give a theory of e l a s t i c i t y  solution fo r  a 
r i n g  of these proportions. 
modulus o f  203.5 x 109 N/m2 (29.5 x lo6 lb/ in2)  a re  +992 x 
6 = Oo, and -776 x 
Strains  calculated from their r e su l t  for  a 
M/M a t  
M/M a t  6 = 90'. 
776 
E 
E 
a n  
lOOOl 
-loo( 
El THEOR ET I c AL 
FIG A 2  RING TEST RESULT 
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Angle t o  
V e r t i c a l  
goo 
6 0' 
30' 
O0 
TABLE A-1 
STRAIN MEASUREMENTS ON RING 
MICRO M / M  
Maximum S t r a i n  
MM S t r a i n  Gage 
Budd Baldwin 
- 785 -772 
-539 -535 
+191 +134 
+982 +986 
11 9 
Maximum S t r a i n  
TML S t r a i n  Gage 
- Budd Baldwin 
-793 
-556 
+187 
+998 
-786 
-532 
+138 
+992 
APPENDIX A-2 CURVED BEAM STRESS CALCULATIONS FOR CYLINDRICALLY HOLLOW BALLS 
I t  may be convenient t o  cons ider  a c losed fo rm s o l u t i o n  t o  es t ima te  
s t resses  i n  a wide range of b a l l  hol lowness p ropor t i ons .  
f o rmu la t i ons  and n o t a t i o n s  of Timoshenho, "S t rength  o f  Ma te r ia l s , "  P a r t  I ,  
3 r d  e d i t i o n ,  Van Nostrand, New York, 1956. 
Using t h e  
Bending s t resses  a r e  g i ven  by: 
-M(h2 + e)  
- M(h1 - e >  - 
'A - ' *B 
Aerl Aer2 
where 
' A 9  a d  = s t r e s s  a t  i n n e r  and o u t e r  sur faces  
M = bending moment 
hl, h 2  = d i s tance  from c e n t r o i d  o f  c ross  s e c t i o n  
t o  i n n e r  and o u t e r  sur faces  
A = cross s e c t i o n  area 
= r a d i i  of c u r v a t u r e  of  i n n e r  and o u t e r  sur faces  
m - rl 'r2 
e = r -  m+l - 
r = r a d i u s  o f  cu rva tu re  o f  c e n t r o i d a l  a x i s  
m = cross s e c t i o n  area cons tan t  
For each c ross  s e c t i o n  t h e  q u a n t i t y  m must be eva lua ted  by pe r fo rm ing  
an i n t e g r a t i o n  
mA =$e 
A 
120 
t 
as used i n  the report body. 
stresses given by equation A l ,  direct  stress P/A a l s o  a c t s  on the3 = !IOo cross 
section. 
P i s  the vertical load .  I n  addition t o  the bending 
121 
i ~~~~ 
From Figure A 3  th i s  integral may be written 
V 
rl rl 
and 
for the cross section of a cylindrically hollow ball. 
indicated may be found in a table of integrals and evaluated a t  rl and r2 
t o  obtain 
The integral form 
(A5) 
Timoshenho gives the bending moment in a r i n g  due to a vertical 
point load as 
These equations have been programmed t o  calculate  the s t resses  i n  
tne dr i l led ba l l s .  Results are shown in Table A2. The calculated values 
may be compared wit11 measured values from Tables 2 ,  3 and 4 of t n i s  report .  
Conipari son o f  measured Val ues with cal cul ated values indicates t h a t  
values measured with s t r a in  gage rosettes may be 24 t o  41% higher t h a n  
values calculated from curved beam theory f o r  models proportioned f o r  
mass reductions of 40 t o  60%. I t  would seem t h a t  the above theory i s  
n o t  an accurate predictor of measured s t r e s s  values. I t  may s t i l l  be 
useful for  comparative studies.  
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